The Goldcorp High-Grade zone at the Red Lake mine has reserves (proven and probable) established at 1.775 million tons (Mt) at an average grade of 80.6 g/t Au. New U-Pb geochronologic data combined with detailed mapping and crosscutting relationships provide timing constraints and new insights into the formation of the exceptionally rich Goldcorp High-Grade zone. The results show that the main stage of the high-grade mineralization in the High-Grade zone formed before 2712 Ma and that a second stage of gold mineralization, much smaller in terms of total gold content but spectacular in terms of grade, formed after 2702 Ma. This second stage is attributed to gold remobilization caused by the enhanced thermal gradient and deformation associated with the emplacement of the Cat Island pluton (2699 Ma), approximately 7 km east of the deposit, or by the ca. 2.63 to 2.66 Ga postorogenic regional thermal event indicated by hornblende, muscovite, and biotite Ar-Ar cooling ages from the Uchi subprovince. It is proposed that the main stage of high-grade mineralization formed between ca. 2723 to 2712 Ma, possibly synchronous with emplacement of the Dome and McKenzie Island stocks, the Abino granodiorite, and Hammell Lake batholith, as well as with penetrative D 2 main-stage regional deformation.
Introduction
THE WORLD-CLASS Campbell-Red Lake deposit ( Fig. 1) is actively mined by Placer Dome Inc. (Campbell mine) and Goldcorp Inc. (Red Lake mine) and represents one of the largest and richest Canadian Archean gold deposits (>20 Moz Au). The Goldcorp High-Grade zone at the Red Lake mine, formerly known as the A.W. White mine and the Dickenson mine, has produced 1.5 Moz at an impressive average grade of 88 g/t Au since the beginning of its extraction in 2001. Reserves (proven and probable) are established at 1.775 million tons (Mt) at an average grade of 80.6 g/t Au (Goldcorp Inc., 2003) . The study of such high-grade mineralization has helped to define fundamental geologic parameters controlling the formation of high-grade ore and to develop exploration guidelines for such targets (Dubé et al., 2001a (Dubé et al., , 2003 Chi et al., 2002 Chi et al., , 2003 .
The Campbell-Red Lake deposit is a complex deposit and its genesis is the subject of debate. Penczak and Mason (1997, 1999) and Damer (1997) proposed a premetamorphic lowsulfidation epithermal origin, whereas other workers have proposed a synmetamorphic-syntectonic origin (Rigg and Helmsteadt, 1981; Mathieson and Hodgson, 1984; Andrews et al., 1986; Christie, 1986; Rogers, 1992; Zhang et al., 1997; Tarnocai, 2000; Dubé et al., 2001a Dubé et al., , 2002 Dubé et al., , 2003 Twomey and McGibbon, 2001; M. O'Dea, unpub. rept. for Goldcorp Inc., 1999; N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . The Campbell-Red Lake deposit potentially 1612 DUBÉ ET AL.
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Lamprophyre dikes spatially associated with the deposit postdate main-stage mineralization by at least 10 m.y. A postore granodiorite dike from the Madsen mine, the second largest deposit in the district, was dated at 2698 ± 1 Ma. This age is similar to a postalteration and late-deformation diorite dike at the Creek zone showing near the former Starratt-Olsen mine, which was dated at 2696 ± 2 Ma. The crosscutting relationships confirm that the main stage of mineralization at the Madsen mine is pre-2698 Ma.
A folded and metamorphosed polymictic conglomerate located stratigraphically above the Campbell-Red Lake deposit, and deposited after ca. 2747 but before 2712 Ma, is correlated with the newly recognized Huston assemblage. Crosscutting and overprinting relationships between the conglomerate and the alteration indicate protracted multistage aluminous and iron-carbonate ± quartz veining and/or alteration event(s) before and after deposition of the conglomerate. The age of the conglomerate confirms that the Campbell-Red Lake deposit is proximal to a folded regional unconformity, consistent with the empirical relationship between large gold deposits and unconformities elsewhere in Archean greenstone belts. This paleosurface represents a key first-order exploration target, and it is proposed that areas of high potential for gold exploration in Red Lake occur in the Balmer assemblage rocks within 500 m to 1 km of the unconformity.
represents the end product of several stages of hydrothermal alteration, gold mineralization, and episodic brittle-ductile deformation (MacGeehan and Hodgson, 1982; Dubé et al., 2002) . Dubé et al. (2003) concluded that gold mineralization was a result of multistage alteration and veining event(s) comprising pre-and early-D 2 iron-carbonate and aluminous alteration, followed by arsenopyrite-rich silicification and gold precipitation, as well as some late carbonatization and gold remobilization.
One of the keys to a better understanding of the formation of the deposit is the timing of the high-grade mineralization relative to the increments of deformation, metamorphism, and hydrothermal activity. This is one of the outstanding problems in the understanding of the formation of orogenic gold deposits (Groves et al., 2003) . The interpretation of the age of gold mineralization in the Red Lake district has evolved from largely synvolcanic (Cowan, 1979; Kerrich et al., 1981; Kusmirski 1981; Pirie, 1981) , to preregional deformation and metamorphism and associated with strike-slip faulting within the interval of 2722 to 2710 Ma (Penczak and Mason, 1997, 1999) , to syndeformation, related to tectonomagmatism within the interval 2720 to 2700 Ma (Andrews et al., 1986; Corfu and Andrews, 1987; Parker, 2000) , to late tectonic at ca. 2700 Ma (Tarnocai, 2000) . MacGeehan and Hodgson (1982) proposed three periods of mineralization that include an early synvolcanic stage, followed by two younger syn-to late-deformation stages that predated emplacement of late mafic to felsic dikes. Menard et al. (1999) proposed two stages of gold mineralization, with the main stage corresponding to D 2 and occurring between 2720 to 2715 Ma and a subsequent but lesser event in terms of total gold content at around ca. 2700 Ma, represented by auriferous quartz-pyritetourmaline vein-type deposits (e.g., Buffalo mine) hosted by the ca. 2718 Ma Dome stock. A model age for galena calculated from samples of gold, chalcopyrite, pyrite, and galena using the western Superior province model indicated a first stage of gold mineralization in the Red Lake district responsible for the formation of the Campbell-Red Lake deposit at ca. 2865 Ma and a much younger stage for gold mineralization at the Madsen and Starratt-Olsen deposits at ca. 2715 to 2709 Ma (Gulson et al., 1993) . The new U-Pb geochronologica data presented here provide additional timing constraints and new insights on the formation of the Goldcorp HighGrade zone based on detailed mapping and crosscutting relationships between high-grade ore and intrusive dikes. Our study indicates that (1) at least part of the carbonate alteration predated deposition of the conglomerate of the Huston assemblage, (2) main-stage gold mineralization in the HighGrade zone occurred before 2712 Ma, (3) second-stage gold mineralization occurred after 2702 Ma, and (4) the minimum age of the brittle-ductile regional deformation in the deposit area is 2699 +2 -1 Ma, indicated by the age of unstrained shallowly dipping lamprophyre dikes.
Regional Geologic Setting
The Red Lake greenstone belt is located in the Uchi subprovince of the Superior province (Fig. 1) . The greenstone belt is dominated by Mesoarchean mafic-ultramafic volcanic rocks of the Balmer assemblage (2.99-2.96 Ga), intermediate to felsic calc-alkaline flows and pyroclastic rocks of the Ball assemblage (2.94-2.92 Ga), and intermediate calc-alkaline pyroclastic rocks overlain by clastic sedimentary rocks and banded iron-formation of the Bruce Channel assemblage (2.894 Ga; first volcanic cycle; Pirie, 1981; Andrews et al., 1986; Wallace et al., 1986; Corfu and Andrews, 1987; Parker 2000; Sanborn-Barrie et al., 2000 , 2001 , and references therein). The Bruce Channel assemblage appears to disconformably overlie the Balmer assemblage (Sanborn-Barrie et al., 2001) . The Mesoarchean rocks were tilted by a pre-D 1 episode of deformation and a regional angular unconformity separates the Mesoarchean rocks from the Neoarchean (i.e., 2.8-2.5 Ga) volcanic rocks , 2001 . The unconformity is locally draped by polymictic conglomerate that gives way to a Neoarchean volcanic succession (second volcanic cycle of Pirie, 1981) , including calc-alkaline and tholeiitic volcanic rocks of the ca. 2.75 to 2.73 Ga Confederation assemblage (McNeely and Heyson sequences, respectively) and calc-alkaline rocks of the ca. 2.732 Ga Graves assemblage ( Fig. 1) . Polymictic conglomerate and finer clastic sedimentary rocks of the Huston assemblage separate the Confederation and Graves assemblages on the north shore of Red Lake. In the vicinity of the Red Lake mine, the conglomerate of the Huston assemblage rests unconformably on a substrate of supracrustal rocks of the Balmer and Bruce Channel assemblages (Sanborn-Barrie et al., 2001 .
Four stages of plutonism, at ca 2.74, 2.73, 2.72 to 2.71, and 2.7 to 2.698 Ga, are recorded in the belt (Fig. 1) . Two main episodes of deformation (D 1 , D 2 ) took place after ca. 2742 Ma volcanism (Sanborn-Barrie et al., 2001) . The main stages of penetrative deformation produced two sets of folds (F 1 and F 2 ). A locally recognized northerly trending S 1 foliation is axial planar to north-northeast-trending F 1 folds. According to Sanborn-Barrie et al. (2001 , D 1 coincided with the deposition of the polymictic conglomerate of the Huston assemblage and preceded the eruption of the Graves assemblages at ca. 2733 Ma (Sanborn-Barrie et al., 2001 ). D 1 deformation probably occurred between 2742 and 2733 Ma in response to east-directed shortening. A weakly to moderately developed S 2 -L 2 fabric and associated southeast-trending F 2 folds are widespread in the eastern Red Lake area where the deposit is located. The main cleavage-forming stage of D 2 deformation and associated metamosphism predated 2718 Ma (i.e., the age of the Dome stock), but foliation coplanar with S 2 and amphibolite facies metamorphism outlasted emplacement of the Dome stock, indicating that D 2 shortening continued beyond its emplacement (Sanborn-Barrie et al., 2002 , 2004 . Sanborn-Barrie et al. (2004) suggest that D 2 strain across the Red Lake greenstone belt occurred between ca. 2720 to 2715 Ma and recorded the collisional stage of the Uchian phase of the Kenoran orogeny (cf. Stott et al., 1989; Stott and Corfu, 1991) . Across the Red Lake belt, and elsewhere throughout the Uchi subprovince, the Uchian phase of the Kenoran orogeny was related to collision between the ca. 3.0 Ga North Caribou terrane to the north of the Red Lake greenstone belt and the ca. 3.4 Ga Winnipeg River terrane to the south (Fig. 1 ). Postcollisional D 3 strain is locally recorded in the Red Lake belt after 2700 ± 6 Ma, the maximum age of a deformed and metamorphosed conglomerate near the Madsen mine area that displays a penetrative foliation coplanar with D 2 fabrics (Sanborn-Barrie et al., 2004 ).
An orogenic setting has been proposed for arclike magmatism, deformation, hydrothermal alteration, and metamorphism in the Red Lake gold camp (Stott and Corfu, 1991; Sanborn-Barrie et al., 2000 , 2001 . In contrast previous studies proposed that gold mineralization and deformation in the district were directly related to the emplacement of granitoid batholiths marginal to the belt (Hugon and Schwerdtner, 1984; Andrews et al., 1986; Corfu and Wallace, 1986; Corfu and Andrews, 1987) . Amphibolite facies metamorphism of supracrustal rocks at the margins of the belt was attributed to the thermal affect of batholithic emplacement, whereas rocks in the central part of the belt are of lower grade (Hugon and Schwerdtner, 1984; Andrews et al., 1986; Stott and Corfu, 1991; Pattison, 1998, Tarnocai, 2000) . However, Thompson (2003) showed that the patterns of major metamorphic boundaries are cut by, and hence older than, several of the major batholiths. Menard et al. (1999) defined a sequence of four tectono-metamorphic events (D 1 -D 4 ) throughout the Red Lake greenstone belt that occurred between 2740 to 2700 Ma. The first three are associated with plutonism, whereas D 4 is late (2680-2650 Ma) and characterized by brittle faulting. They further proposed that the regional D 2 stage of deformation described above could be divided into two distinct events, D 2 -M 2 (2720-2715 Ma), which coincided with the thermal peak of metamorphism (amphibolite facies), and D 3 -M 3 (2700 Ma).
The majority of the large gold deposits in the Red Lake district are hosted by the Mesoarchean Balmer assemblage and are proximal to the regional angular unconformity between the ca. 2.99 Ga Balmer and ca. 2.75 to 2.74 Ga Confederation assemblages (Sanborn-Barrie et al., 2001; Dubé et al., 2003) . The deposits are either hosted by amphibolite facies rocks (Madsen mine) or the amphibolite-greenschist isograd occurs within the deposit (Campbell-Red Lake deposit; Mathieson and Hodgson, 1984; Andrews et al., 1986; Christie, 1986; Damer, 1997; Dubé et al., 2000; Parker, 2000; Tarnocai, 2000) , suggesting an empirical relationship between major gold deposits and peak metamorphism in the district (Andrews et al., 1986; Menard et al., 1999; Tarnocai, 2000) . More recently, Thompson (2003) proposed that the deposits generally occur in close proximity to the transition between the greenschist and amphibolite facies.
Local Geologic Setting
A brief summary of the local geologic setting of the Campbell-Red Lake deposit is presented below. Readers are referred to MacGeehan and Hodgson (1982) , Andrews et al. (1986) , Rogers (1992) , Penczak and Mason (1997, 1999) , Zhang et al. (1997) , Tarnocai (2000) , Twomey and McGibbon (2001) , and Dubé et al. (2001a Dubé et al. ( , 2002 Dubé et al. ( , 2003 , among others, for more detail.
The Campbell-Red Lake gold deposit is hosted mainly by tholeiitic basalt and locally by komatiitic basalt of the Mesoarchean Balmer assemblage. Peridotitic komatiite, variolitic basalt, rhyolite, and associated mafic intrusions of the ca. 2.99 to 2.96 Ga Balmer assemblage and felsic pyroclastic rocks with clastic and chemical sedimentary rocks of the ca. 2.984 Ga Bruce Channel assemblage complete the sequence in the mine (Penczak and Mason, 1997; Dubé et al., 2000a; Twomey and McGibbon, 2001; Fig. 2) . The deposit occurs stratigraphically below a folded regional unconformity marking the contact between locally overturned rocks of the Balmer and Bruce Channel assemblages and overlying Neoarchean volcanic rocks of the Confederation assemblage ( Fig. 1 ; Sanborn-Barrie et al., 2002; Dubé et al., 2003) . In the deposit area, this contact is marked by a younger intravolcanic sequence of clastic rocks (Huston assemblage) that contains zircons derived almost exclusively from the 2.747 to 2.743 Ga Confederation age assemblage (McNeely sequence; Sanborn-Barrie et al., 2002; this paper) . However, the conglomerate also contains a vast number of subangular to subrounded clasts derived from underlying Mesoarchean lithologies in and around the Red Lake mine (notably chemical sediments and chert of the Bruce Channel assemblage). On level 16 of the Red Lake mine, the conglomerate is in tectonic contact with basalt of the Balmer assemblage (Dubé et al., 2003) . Therefore, the conglomerate of the Huston assemblage is probably contemporaneous with the early Neoarchean McNeely sequence but cuts farther down to the Bruce Channel and Balmer assemblages.
According to Christie (1986) , the metamorphic conditions at the Campbell mine are constrained to middle to upper greenschist facies. In contrast, Damer (1997) interprets the metamorphism of host rocks at the Red Lake mine to have reached amphibolite facies, the product of contact metamorphism induced by the emplacement of the Cat Island pluton to the east (Fig.1) . A new assessment of metamorphic assemblages across the belt (Thompson, 2003 ) supports Christie's (1986) work, placing the Campbell-Red Lake deposit close to the transition between middle and upper greenschist facies.
Based on relative chronology and U-Pb dating (see below), rocks of the mine sequence are affected by four generations of structures, D 1 through D 4, which we interpret as resulting from various increments of deformation. Their corresponding structures are described as S 1 , F 1 , S 2 , F 2 , etc. The terminology does not necessarily imply four different episodes of deformation. The mine sequence is located on the eastern limb of a regional north-northeast-trending F 1 anticline (Sanborn-Barrie et al., 2001 , Dubé et al., 2003 . All units have been tightly refolded by southeast-trending and southwest-or southeast-plunging (≈60°) F 2 folds forming antiform-synform pairs as illustrated by the geometry of the peridotitic komatiite in Figure 2 . The superposition of D 1 and D 2 results locally in a type-2 interference fold pattern (Ramsay and Huber, 1987) . The southeast-striking S 2 foliation represents the main fabric. The F 2 folds are disrupted by three subparallel, steeply dipping (70°-80°S), southeast-trending brittle-ductile structures, the Dickenson, New Mine (also known as Red Lake fault), and Campbell faults, which coincide with the transposed limbs of F 2 folds and can be traced along strike for more than 1,500 m (Fig. 2) . The Campbell and New Mine faults have recorded a reverse-sinistral component of motion, whereas the Dickenson fault has an apparent dextral component of motion (MacGeehan and Hodgson, 1982; Mathieson and Hodgson, 1984; Rogers, 1992; Penczak and Mason, 1997; Dubé et al., 2001a Dubé et al., , 2002 Twomey and McGibbon, 2001; N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . These faults coincide spatially with a large proportion of the ore zones in the Campbell-Red Lake deposit and with D 2 folds and fabrics, collectively defining a southeast deformation corridor known as the Red Lake mine trend (Cochenour-Gullrock deformation zone of Schwerdtner, 1984, and Andrews et al., 1986) , and have played a key role in the formation and/or deformation of the deposit (Rogers, 1992; Penczak and Mason, 1997; Tarnocai, 2000; Dubé et al., 2002, and references therein; N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . S 3 is a weakly to moderately developed foliation, coplanar with S 2 and recorded in various sets of feldspar porphyry granodiorite and lamprophyre dikes (see below) that crosscut both limbs of F 2 folds as well as the Red Lake mine trend structural corridor . A postdike, S 3 foliation also has been documented at the Campbell mine by Penczak (1996) , Zhang et al. (1997), and Tarnocai (2000) . D 3 is interpreted to be a result of northeastoriented regional shortening but is significantly less intense than the predike D 2 deformation, as the dikes hosting the S 3 foliation and cutting across F 2 fold limbs and the Red Lake mine trend remain straight compared to the folded and faulted volcanic rocks. D 3 may represent a late increment of a continuous D 2 to D 3 regional shortening associated with the Uchian phase of the Kenoran orogeny. D 4 deformation is manifested as hairline brittle faults known as "black line faults" (Rogers, 1992; Penczak and Mason, 1997; Tarnocai, 2000) . The black line faults are well developed in the Red Lake mine trend. They are barren, discrete, 2-to 5-mm slip planes containing fine quartz, tourmaline, and dark-colored chlorite that cut and displace the mineralization as well as the feldspar porphyry granodiorite and lamprophyre dikes over meters and more rarely a few tens of meters (Dubé et al., 2003) .
The Campbell-Red Lake deposit is characterized by numerous barren to low-grade banded colloform-crustiform, cavity-filling carbonate (dolomite-ankerite) ± quartz veins and cockade breccias (MacGeehan and Hodgson, 1982; Penczak and Mason, 1997, 1999; Tarnocai, 2000; Dubé et al., 2001a Dubé et al., , 2002 . In addition, five different styles of gold mineralization are present: (1) sulfide-rich veins and replacementstyle ore, mainly present at the Red Lake mine and spatially associated with the Dickenson and the Campbell faults (e.g., East South C-type); (2) carbonate ± quartz veins, better developed in the upper portion of the deposit at the Campbell mine; (3) magnetite-rich ore; (4) high-grade arsenopyrite-rich silicification present at both the Campbell and Red Lake mines and characterized by multiounce ore zones that typify the high-grade zone; (5) abundant visible gold coating and filling late fractures (MacGeehan and Hodgson., 1982; Andrews et al., 1986; Rogers, 1992; Penczak and Mason, 1997, 1999; Tarnocai, 2000 , Dubé et al., 2001a Twomey and McGibbon, 2001 ). The Goldcorp High-Grade zone is currently the best known example of styles 3, 4, and 5. Fig. 3A ; Dubé et al., 2001a Dubé et al., , 2002 . Part of the highgrade ore is, however, also locally hosted by komatiitic basalt. One such zone is found on level 34 (stope 34-786-4E, cuts 4 and 5) where gold mineralization occurs in silicified iron-carbonate ± quartz veins with stibnite, arsenopyrite, visible gold, and associated green mica.
LEGEND
The ore zones have a known lateral and vertical extent of approximately 130 and 615 m, respectively. In the HighGrade zone, the association of southeast-trending and oblique carbonate ± quartz veins, high-grade ore zones, and an F 2 fold hinge defining the basalt-ultramafic contact suggests, at least in part, a local structural control on gold mineralization by F 2 folding (Dubé et al., 2001a N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . However, below level 34, the number and size of the known mineralized zones diminish, are located progressively farther away from the hinge area, and essentially correspond to south-southeast-trending structures and veins. Gold mineralization also occurs in the hinge area close to the basalt and/or komatiitic basalt contact on level 37, but this zone is relatively small.
Structure and veins
The predike S 2 foliation is the main fabric in the HighGrade zone and defines local centimeter-to meter-wide southeast-trending (128°/63°) high-strain zones, which are especially well developed in the host basalt of the Balmer assemblage. Sulfide-and arsenopyrite-rich silicified carbonate ± quartz veins and wall rock are commonly spatially associated with these high-strain zones. The north limb of an F 2 antiform is transposed by a 5-to 10-m-wide ductile high-strain zone, known as the barren southeast-trending "Footwall Shear" (Fig. 3A) , which is thought to be part of the New Mine fault N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . The High-Grade zone is located to the south (hanging-wall side) of the Footwall Shear and is characterized by the presence of three main sets of brittle-ductile structures, distinguished by their respective orientation (east-southeast, southeast, and south-southeast) and structural characteristics (Dubé et al., 2001a . The dominant sets of brittle-ductile structures strike southeast and east-southeast and are located toward the central part of the F 2 antiformal hinge zone. These structures include the east-southeast-striking "E-W shear" and the southeast-striking "Main" and "Hanging-Wall Shear" high-grade ore zones (Fig. 3B ). On level 34 (Fig. 3A-B) , a third set of smaller, subsidiary structures, oriented south-southeast, occurs southwest of the Hanging-Wall Shear and includes the extremely rich "HW5" zone (Dubé et al., 2001a . Below level 36, the south-southeast-oriented structures (HW5 and HWA) become the most important ore zones and may have acted as feeder zones. These different sets of structures contain centimeter-to meter-wide foliation-parallel and oblique extensional, barren to low-grade colloform-crustiform sheeted veins and cockade breccias of iron-carbonate ± quartz that are extensively developed in basalt but are also locally present in komatiitic basalt and rhyolite ( Fig. 4A-B) . The geometry of these iron-carbonate ± quartz veins and cockade breccias is, at least in part, related to a pre-or early increment of D 2 strain (Dubé et al., 2001a High-grade gold mineralization, characterized by silicification with abundant arsenopyrite, follows a westerly plunging ore shoot (275°/45°) defined by the intersection of the different sets of structures and veins described above N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . The auriferous silica-rich fluid was, at least in part, focused into F 2 hinge zones due to competency contrast, tangential longitudinal strain, presence of carbonatized komatiitic basalt located above the ore zone and forming a low permeability cap, and local higher strain zones (Dubé et al. 2001a N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . This was followed by further increment(s) of strain (D 2 and/or D 3 ) that resulted in attenuation and transposition of the F 2 fold limbs, deformation of the vein network, formation of new veins, and reverse-sinistral faulting along structures such as the Campbell fault (Dubé et al. 2001a N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000) . The ore zones have been deformed and are cut by late-to post-D 2 foliation-parallel and foliation-oblique faults and high-strain zones. Postdike black line faults (D 4 ) also cut the veins and mineralized zones, but their occurrence and geometry are poorly constrained in the study area.
Gold mineralization and alteration
Gold mineralization in the High-Grade zone is related to syn-D 2 deformation, silicification and brecciation of preexisting colloform-crustiform, barren to low-grade, iron-carbonate ± quartz veins and breccias, and of enclosing wall-rock selvages (Dubé et al., 2001a Twomey and McGibbon, 2001 ). The silicification is associated with variable amounts of fine-grained arsenopyrite (0-50%), sericite, rutile, and visible gold ( Fig. 4C-D) , as well as variable amounts of pyrite, pyrrhotite, and magnetite. Locally, trace amounts of sphalerite and chalcopyrite are also present, with stibnite occurring locally toward or at the contact with komatiitic basalt. The ore mineralogy varies from predominantely arsenopyrite to pyrrhotite-pyrite-arsenopyrite-magnetite-rich assemblages (sulfide-rich ore) or magnetite-dominated assemblages (magnetite-ore). The arsenopyrite is directly associated with highgrade gold, and its presence correlates with silicification of the iron-carbonate ± quartz veins and the Fe-rich basalt host rocks (Dubé et al., 2001a . The intensity of the silicification is highly variable (Fig. 4C-D) . Commonly, silicification and associated arsenopyrite and/or pyrite occur only along the margins of carbonate ± quartz veins as glassy quartz with or without arsenopyrite-rich selvages (Fig. 4C ). Significant highgrade arsenopyrite-rich mineralization associated with silicification is located at the intersection between the south-southeast-striking iron-carbonate ± quartz breccia veins and the east-southeast-striking iron-carbonate ± quartz veins and structures . The High-Grade zone is characterized by spectacular visible gold in the silicified and sulfidized iron-carbonate ± quartz veins, as well as in late shallowly dipping fractures and fault planes that cut the ore zones and which are at high angle to the main foliation (Figs. 4E-F, 5A). A proximal centimeter-to meter-wide reddish-brown biotite-carbonate alteration with disseminated arsenopyrite, pyrite, pyrrhotite, and variable amounts of sericite, quartz, and amphibole in well foliated basalt is commonly associated with the silicified high-grade zones and represents a key megascopic visual alteration vector to the high-grade mineralization ( Fig. 4D ; Dubé et al., 2001a Dubé et al., , b, 2002 Twomey and McGibbon, 2001) .
Relative timing of carbonate alteration
The colloform-crustiform iron-carbonate ± quartz veins and cockade breccias associated with gold mineralization are typically barren to low grade and are characteristic of the Red Lake district. Their timing and genesis are uncertain (MacGeehan and Hodgson, 1982) . Dubé et al. (2002 Dubé et al. ( , 2003 presented evidence that iron-carbonate ± quartz veins and breccias have accommodated a significant part of the D 2 strain and are either early-D 2 or pre-D 2 . However, evidence found at the Red Lake mine supports a protracted history of multistage events, including pre-, early-, and late-to postmain-stage deformation (D 2 ) iron carbonate ± quartz veining. A colloformcockade iron-carbonate ± quartz breccia vein cuts pyrrhotiterich sulfide veins and replacement-style gold mineralization (referred to locally as ESC style) on level 23, suggesting that some iron-carbonate ± quartz veining is late to postsulfiderich veins and replacement-style mineralization. Important timing relationships come from an exploration drift on level 16 of the Red Lake mine, which exposes a section through polymictic conglomerate correlated with the Huston assemblage (Fig. 5B) . Here, the conglomerate contains numerous subangular to subrounded laminated chert clasts interpreted to be part of the underlying Bruce Channel assemblage (Fig.  5C ). More importantly, the conglomerate contains clasts of andalusite-rich altered basalt in an unaltered matrix and a few clasts of layered (sheeted?) carbonate material with small crustiform banding and cockade texture ( Fig. 6A-B ). The conglomerate also is locally strongly altered, as indicated by abundant sericite, quartz, local green micas, and andalusite both in the matrix and the clasts. Regionally, this conglomerate displays local evidence for postdepositional iron-carbonate alteration (Dubé et al., 2003) . On level 16, the clasts are locally flattened and the matrix contains S 2 foliation. The conglomerate is cut by a mesocratic lamprophyre dike and by a feldspar porphyry granodiorite dike at surface ( Fig. 5D-E) . Together, these relationships indicate protracted pre-to postconglomerate aluminous alteration and iron-carbonate alteration and/or veining (Dubé et al., 2003) .
Relative timing of gold mineralization
The timing of the silicification and associated arsenopyrite is critical for the understanding of the formation of the HighGrade zone, since the high-grade mineralization is directly related to this alteration. Dubé et al. (2001a Dubé et al. ( , 2002 presented evidence for multiple stages of gold deposition, silicification, and carbonate ± quartz veining and also showed that the main gold-related silicification of the carbonate ± quartz veins coincided with or postdated development of the asymmetric boudinage of the iron-carbonate ± quartz veins. They proposed a progressive and dynamic syndeformation mineralization event(s) dominated by the silicification of carbonate ± quartz veins with some local late gold-bearing colloform carbonatequartz veinlets cutting across the high-grade siliceous ore.
Postore intrusive rocks
All rock units, including the carbonate ± quartz veins and the high-grade mineralization, are cut by feldspar porphyry granodiorite dikes and lamprophyre dikes (Figs. 2-3; Dubé et al., 2001a Twomey and McGibbon, 2001 ). The feldspar porphyry granodiorite dikes are a few meters wide, strike east to east-southeast, dip steeply, and contain abundant feldspar phenocrysts (3-5 mm) with a few percent of quartz (1-2 mm) and disseminated biotite. They have an intermediate composition and are barren (Table 1) . One such east-striking massive and unfoliated feldspar porphyry granodiorite dike (KG-03-17) cuts the conglomerate of the Huston assemblage exposed at surface ( Fig. 5D-E) . Locally, the postore feldspar porphyry granodiorite dikes are weakly to moderately foliated (N140°/55°; Fig. 5F ). This postdike foliation is interpreted to be an S 3 foliation because the east-striking feldspar porphyry granodiorite dikes cut across both limbs of an F 2 fold (Fig. 2) . These barren dikes are chilled against and cut the high-grade ore (Fig. 6C ). On level 34, the Footwall Shear (New Mine fault zone) cuts a feldspar porphyry granodiorite dike with an apparent reverse-sinistral component of displacement (7-8 m) . This minor displacement is interpreted as a reactivation of the Footwall Shear, as the map pattern suggests up to 800 m of sinistral displacement of the komatiitic basalts by the Footwall Shear (N. Archibald and V. Wall, unpub. rept. for Goldcorp Inc., 2000; Fig. 2 ).
Lamprophyre dikes, as defined by Rock (1991) , containing grayish-brown to black biotite and amphibole are also chilled against and clearly cut iron-carbonate ± quartz veins ( Fig.  6D ) and gold mineralization (Penczak and Mason, 1997, Zhang et al., 1997; Tarnocai, 2000 , Dubé et al., 2001a Twomey and McGibbon, 2001 , and references therein). At the Red Lake mine, four sets of such lamprophyre dikes (≤3 m wide) are present (Figs. 2, 3A-B). Three sets are mesocratic and calc-alkaline in composition, one set is subparallel to the main southeast-trending foliation (130°/70°), a second set is west-striking and dips steeply to the north, and a third less common set is oriented N220°/30°. The dikes contain abundant plagioclase with biotite and variable proportions of hornblende and/or tschermakite and traces to a few percent of carbonate. Sample KG-03-32B contains up to 70 percent hornblende and tschermakite. These dikes have been interpreted as spessartite lamprophyres at the Campbell and Red Lake mines (Christie, 1986; Penczak and Mason, 1997, Tarnocai, 2000; Twomey and McGibbon, 2001 ). The compositions of some of these mesocratic intermediate dikes are shown in Table 1 and are consistent with this interpretation. In contrast, a fourth set is melanocratic and strikes northsouth with a shallow dip to the west. The melanocratic dikes are less abundant but cut across a large section of the Red Lake mine. They are meter-thick, extensive and massive, and contain biotite with plagioclase phenocrysts. Compared to the mesocratic dikes, they contain more titanium, zirconium, and barium (Table 1 ). The composition of the melanocratic dikes corresponds to kersantite, a member of the calc-alkaline lamprophyre clan (Rock, 1991) . The three sets of mesocratic dikes cut the feldspar porphyry granodiorite dikes and highgrade ore ( B. Close-up of (A), showing crustiform-cockade texture in a carbonate vein clast (drift16-007-1 EDR). C. Feldspar porphyry granodiorite dike (FP) cutting across multiounce arsenopyrite-rich and silicified carbonate ± quartz vein hosting foliated biotite-rich mafic clasts, view toward back (stope 32-826-8). D. Lamprophyre dike cutting a carbonate vein and bleached basalt on surface outcrop of the Campbell mine. Note the presence of chill margins all along the dike. E. Moderately dipping mesocratic barren lamprophyre dike hosting barren extensional quartz ladder veins and cutting across high-grade mineralization, section view (stope 37-746-2 cut 1). F. Close-up of a south-southeast-trending, moderately dipping mesocratic lamprophyre dike cutting across foliated multiounce high-grade ore, section view (stope 37-746-2 cut 1). Late faulting along the dike walls has induced the local apparent dragging of the foliation in the ore. contain arrays of north-south-striking and shallowly to moderately dipping (N360°/45°-350°/35°) barren quartz-carbonate ± tourmaline extensional ladder veins, which record dilation due to oblique-vertical elongation (Figs. 6E, 7C ). The dikes are locally cut by late brittle faults, and the presence of west-southwest-plunging striations (254°/28°) with steps, locally developed along the walls of the steep eastsoutheast-trending lamprophyre dikes, record a late oblique sinistral-reverse sense of motion. At the Campbell mine, these mesocratic lamprophyre dikes are foliated, boudinaged, and locally cut by late brittle black line faults (Zhang et al., 1997; Tarnocai, 2000) . Shallowly dipping melanocratic lamprophyre dikes are nonfoliated but may locally contain a few quartz-carbonate extensional veinlets (Fig. 7D) . Although they cut sulfide-rich veins and replacement-style gold mineralization, their relationship to high-grade ore is unknown, as they occur at a higher elevation in the mine.
A southeast-striking and steeply south dipping "pinky" granodiorite dike is present at depth in the southwest part of the deposit (Fig. 2) . The dike is 1.5 m wide and contains disseminated feldspar phenocrysts (2-3 mm) in a quartz-feldspar matrix with 5 percent biotite and traces of quartz phenocrysts. The dike is commonly bleached due to the variable replacement of feldspar by sericite. Traces of garnet are locally present. The dike has an intermediate composition and is barren (Table 1) . It contains less titanium and significantly more zirconium and yttrium than the feldspar porphyry granodiorite dikes. It cuts across all lithological units and commonly displays a weak to moderate southeast-striking S 3 foliation defined by elongated biotite (≤5%) and sericite. On level 34, the pinky granodiorite dike cuts altered basalt of the Balmer assemblage containing abundant andalusite but is itself devoid of such andalusite, whereas on level 37 the dike cuts carbonate veins hosted by strongly carbonatized komatiitic basalt ( Fig. 7E-F) . There, the dike is devoid of carbonate veinlets but locally contains extensional quartz veinlets at an angle to the foliation. Its relationship to gold mineralization is unknown, as the dike does not occur adjacent to mineralized zones.
Late-stage gold mineralization
Late fractures contain extremely rich ore zones with spectacular visible gold. Late-D 2 gold remobilization has been proposed at the Red Lake mine (Dubé et al. 2001a Twomey and McGibbon, 2001 ) and at the Campbell mine (Tarnocai, 2000) to explain this phenomenon. At the Red Lake mine, late-stage gold mineralization is represented by coatings of gold on late shallowly dipping fractures at a high angle to S 2 (Dubé et al. 2001a, b) . Spectacular fillings or coatings of visible gold occur in fractures within both east-and west-striking and moderately north-dipping postore mesocratic lamprophyre dikes cutting across preexisting orebodies in the High-Grade zone (stope 32-826-1 cut 1, see fig. 3A of Dubé et al., 2001a ; stope 37-746-2; Fig. 8A-D) . It is proposed that this late-stage gold mineralization is related to post-D 2 strain and metamorphism, which appears to have partly remobilized gold from the main arsenopyrite-rich siliceous ore.
U-Pb Geochronology: Age of Gold Mineralization
Radiometric ages were determined for a suite of seven samples by U-Pb geochronology to independently constrain the age of hydrothermal activity, gold mineralization, and remobilization in the High-Grade zone of the Red Lake mine. Two additional samples from the south-central part of the belt (Madsen and Starratt-Olsen mines) were analyzed to test existing constraints on deformation and mineralization elsewhere in the belt (cf. Corfu and Andrews, 1987) . Five samples were included from the High-Grade zone (KG-2000 -39, KG-2000 -86, KG-03-32A, KG-2000 .
The maximum age of a conglomerate or breccia (debris flow) exposed on level 16 in the Red Lake mine that contains clasts of carbonate vein material (KG-02-50; Dubé et al., 2003) was determined using the sensitive high resolution ion microprobe (SHRIMP) to analyze detrital zircon (Figs. 5B, 6A-B). This analysis helps to constrain the timing of protracted carbonate and aluminous alteration event(s) in the district and to test correlations with the conglomerate of the Huston assemblage, recognized elsewhere in the belt (Sanborn-Barrie et al., 2002) . We also dated a feldspar porphyry dike (KG-03-17B), which cuts the conglomerate, using both SHRIMP and TIMS (thermal ionization mass spectometry) to determine the minimum age of the conglomerate (Figs. 5D-E, 9A). It has been previously established that the gold mineralization at the Red Lake mine predated 2714 ± 4 Ma, the age of a foliated quartz-feldspar porphyry dike that cuts magnetite-rich gold mineralization (avg grade 10 g/t Au over 0.5 m; Corfu and Andrews, 1987) . The dated dike was interpreted to have been emplaced in the late ductile deformation stage related to the Red Lake mine trend, postdating gold mineralization by a relatively small time interval (Corfu and Andrews, 1987; Rogers, 1992) . Tarnocai (2000) proposed that the dike predates mineralization, thus providing a maximum age for the timing of mineralization. In this study, we independently test the minimum age of main-stage arsenopyriterich siliceous replacement-style mineralization in the HighGrade zone by dating zircon from a feldspar porphyry dike (KG-2000-39 ) that cuts high-grade mineralization (Figs. 6C,  9B ). In order to determine the maximum age of the late-stage gold mineralization, the ages of south-southeast-striking and east-west-striking and steeply dipping mesocratic lamprophyre dikes (KG-2000-86, KG-03-32A) of the type that cut high-grade mineralization and contain abundant visible gold (KG-03-32A; Figs. 7A-B, 8A-C, 9C-D), also have been determined by TIMS analysis of zircon from the dike. The age of zircon from a shallowly dipping melanocratic lamprophyre dike (KG-2000-47 ) that postdates sulfide-rich veins and replacement-style gold mineralization and ductile strain (Figs. 7D, 9E) has been determined by TIMS in order to define the minimum age of gold mineralization and ductile deformation. To help constrain the age of hydrothermal alteration, a pinky granodiorite dike (KG-02-81) that cuts carbonate veins hosted by komatiitic basalt and aluminous alteration in basalt (Figs. 7E-F, 9F ) has been dated by TIMS analysis of zircon. A sample of weakly deformed granodiorite dike (MD-39-99) that cuts economic gold mineralization hosted by the highly foliated Austin tuff (Figs. 8E, 10 ) also was collected underground at the Madsen mine (Fig. 1) in order to gain a broader regional perspective on the timing of gold mineralization. The age of a similar dike (2699 ± 4 Ma, titanite age) was previously established using a surface sample by Corfu and Andrews (1987) . Finally, the age of an unaltered and weakly deformed granodiorite dike (SNB00-5130A; Fig. 8F ) that cuts across well-foliated and altered pillowed basalt of the Balmer assemblage, gabbro and rhyolite from the gold-bearing Creek zone showing on the Starratt-Olsen property in the Madsen area (Fig. 1) , has been determined. This dike postdates alteration and is late with respect to ductile deformation. The results for the nine U-Pb analyses are presented below.
Analytical techniques
SHRIMP II analyses were conducted at the Geological Survey of Canada, using analytical and data reduction procedures described by Stern (1997) and Stern and Amelin (2003) and briefly summarized here. Zircons from the samples and fragments of a laboratory zircon standard (z6266 zircon = 559 Ma) were cast in epoxy grain mounts (mount IP284 for sample KG-02-50, z7502, and mount IP312 for sample KG-03-17, z7803), polished with diamond compound to reveal the grain centers, and photographed in transmitted light. The mounts were evaporatively coated with ~10 nm of high-purity Au, and the internal features of the zircons were characterized by backscattered electron imaging (BSE), utilizing a scanning electron microscope (SEM). Analyses were conducted using an O -primary beam projected onto the zircons with elliptical spot sizes ranging between 16 and 12 µm (in the longest dimension). The count rates of ten isotopes of Zr + , U + , Th + , and Pb + in zircon were measured sequentially with a single electron multiplier. Off-line data processing was accomplished using customized in-house software. The SHRIMP analytical data are presented in Table 2 . CommonPb corrected ratios and ages are reported with 1σ analytical errors, which incorporate an external uncertainty of 1.0 percent in calibrating the standard zircon (see Stern and Amelin, 2003) . The data are plotted in concordia diagrams with errors at the 2σ level, using Isoplot v. 2.49 (Ludwig, 2001 ) to generate the concordia plots (Fig. 11A-B) . Data from the conglomerate sample (KG-02-50) is also presented in a cumulative probability plot. Only data that are ≤5 percent discordant are included in the cumulative probability plot.
TIMS analytical methods utilized in this study are outlined in Parrish et al. (1987) and Davis et al. (1997) . Heavy mineral concentrates were prepared by standard crushing, grinding, and concentration on a Wilfley TM table and by heavy liquid techniques. Mineral separates were sorted by magnetic susceptibility using a Frantz TM isodynamic separator. Single and multigrain zircon fractions chosen for analysis were very strongly air abraded following the method of Krogh (1982) . Multigrain fractions of titanite also were lightly air abraded. Treatment of analytical errors follows Roddick et al. (1987) , with errors on the ages reported at the 2σ level (Table 2) . Concordia diagrams showing the results of these analyses are presented in Figures 11D and 12 .
Results
Sample conglomerate that contains detrital zircons with a range of morphologies, including well-faceted crystals varying from equant to prismatic as well as subrounded grains and fragments of crystals. The size of zircons recovered from the sample is consistently quite small (ranging from about 50 to <100 µm in the longest dimension, with many around 50 µm). The conglomerate contains zircons with abundant inclusions and fractures, as well as high-quality, optically clear grains. Twenty-eight detrital grains from the conglomerate were analyzed on the SHRIMP (Table 2 ). The data are plotted in a concordia diagram (Fig. 11A ) and in a cumulative probability plot of the 207 Pb/ 206 Pb ages (inset of Fig. 11A ). The analyses of detrital zircon from the conglomerate define a single statistical population with an age of 2747 ± 4 Ma (mean square of weighted deviates (MSWD) = 1.2, probability of fit (POF) = 0.19, n = 28). This dataset constrains the age of the conglomerate to be less than 2747 Ma. Its zircons are most likely derived from the felsic-intermediate (silica-saturated) rocks of the Confederation assemblage.
Sample , feldspar porphyry granodiorite dike: Sample KG-03-17 is a 7-m-wide nonfoliated barren feldspar porphyry granodiorite dike, which cuts the conglomerate (KG-02-50, z7502, described above). The sample was collected on surface at the Red Lake mine property (UTM: 449 396E, 5 656 868N; Fig. 9A ). The composition of the dike is shown in Table 1 (KG-03-17BC).
The sample contains abundant small zircon, which in transmitted light appeared to contain either very strong growth zoning or core-rim relationships. As a result, zircon from this sample was selected, put on a grain mount, and analyzed on the SHRIMP (Table 2, Fig. 11B ). Backscatter imaging of the zircons reveals that most of the grains have well-defined fine oscillatory zoning, interpreted to be magmatic in origin (Fig.  11C) . Core-rim relationships were rarely observed. A linear Table 1 ). D. U-Pb concordia diagram of TIMS analyses of zircon from feldspar porphyry granodiorite dike, sample KG-03-17. MSWD = mean square of weighted deviates; POF = probability of fit. regression anchored at the origin and including all of the SHRIMP analyses has an upper intercept of 2710 ± 8 Ma (MSWD = 0.84). As the SEM imaging did not reveal much evidence for inheritance, follow-up TIMS work on four multigrain zircon fractions was conducted (Fig. 11D, Table 3 ). Fraction Z11a is concordant at 2711 ± 4 Ma. A linear regression that is anchored at the origin and including fractions Z10A, Z11a, and Z12a has an upper intercept of 2712 ± 2 Ma (MSWD = 0.23, POF = 0.63). This upper intercept age is in agreement with the age obtained from the SHRIMP analyses. Fraction Z10B, comprised of 4 grains, is not collinear with the other analyses and may contain a minor inherited component and/or may have experienced a different Pb-loss pattern than the other analyses. The crystallization age of the feldspar porphyry dike is interpreted to be 2712 ± 2 Ma. The depositional age of the polymictic conglomerate (KG-02-50, z7502) is therefore between ca. 2747 and 2712 Ma.
Sample KG-2000-39 (Z6634) , steeply dipping feldspar porphyry granodiorite dike: Sample KG-2000-39 (Fig. 6C ) is a 1-to 2-m-wide foliated feldspar porphyry dike chilled against and cutting a multiounce ore zone from the HighGrade zone (up to 2671 g/t or 78 oz/t Au in chip samples). The sample was taken in stope 32-826-8 cut 0 (mine grid: 5508E, 497N, elevation 5,324 ft; Fig. 9B ). The high-grade ore zone shows a sinistral displacement along the dike. Figure  13A , C-E show the relationship between the dated feldspar porphry dike and the high-grade ore, as well as drill hole assays of both the dike and the ore. The geochemical analysis of the dated dike (KG-2000-40B) demonstrates that it is barren, has not been silicified, and is sulfide-free (<0.01 wt % S; Table 1 ). Accordingly, the age of the dike provides a minimum age on main-stage high-grade gold mineralization from the High-Grade zone.
The dike contains abundant fair to good quality euhedral zircon ranging from stubby prismatic to elongated in morphology. Backscatter and cathodoluminescence (CL) images of zircons from this sample reveal well-defined oscillatory zoning interpreted to be magmatic in origin. A representative zircon from this sample is shown in Figure 14A . No apparent inherited cores or overgrowths were observed. Six zircon fractions, with one to six grains, were analyzed by TIMS from this sample. Data from one of the fractions is not included because of high analytical procedural Pb blanks. Five analyses ranged between 0.5 to 10.8 percent discordant and indicate varying amounts of Pb loss (Fig. 12A, Table 3 ). A linear regression including all five analyses has an upper intercept of 2715 +4 -3 Ma and a lower intercept of 528 ± 95 Ma but has significant scatter (MSWD = 3.5, POF = 0.02). If the two most discordant analyses, zircon fractions 3B and 4 (8.4% and 10.8% discordant, respectively; Table 2 Pb ages of the three most concordant analyses (2, 5, and 6) is 2712 ± 2 Ma (MSWD = 0.03, POF = 0.97), which is interpreted to be the crystallization age of the dike. This age is in agreement with the age of the feldspar porphyry granodiorite dike sample KG-03-17 above.
Sample KG-2000-86 (z6886) , steeply dipping mesocratic lamprophyre dike: Sample KG-2000-86 is a 60-cm-wide, south-southeast-striking, medium dark-gray, foliated mesocratic lamprophyre dike, containing an S 3 foliation defined by closely spaced biotite. The sample was collected in the Red Lake mine on level 34, in the 34-786-1 cut 0 SXC drift (mine grid: 5495E, 245N, elevation: 5,010 ft; Fig. 9C ). Narrow fractures and joints (285°/70°and 030°/20°), locally coated by muscovite and/or biotite, cut the dike. The dike is chilled against and cuts foliated high-grade arsenopyrite-rich silicified carbonate ± quartz veins and wall-rock selvages (Fig. 7A-B) . Figure 13B , F-I illustrate the relationships between the dated dike and the high-grade ore based on mapping and drill holes. The sample contains only 3 ppb Au and 18 ppm As (Table 1) , which, together with the above relationships, demonstrate that the dated dike is barren and postore.
The sample contains a moderate amount of fair-to goodquality zircon and four zircon fractions were analyzed by TIMS (Fig. 12B, Table 3 ). Fraction A1 is comprised of three elongated prismatic grains. BSE and CL images of prismatic to elongated zircons from this sample reveal the presence of possible inherited cores and overgrowths with oscillatory zoning (Fig. 14B-C) . Fraction A1 has a 207 Pb/ 206 Pb age of 2792 Ma and is interpreted to include an inherited component. Fractions C1, C2, and D1 comprise stubby prismatic to equant grains. SEM images of zircons of these morphologies are unzoned (Fig 14D) or show fine-scale oscillatory zoning (Fig. 14E) , interpreted to be magmatic in origin. Inherited cores or overgrowths were not observed. Analyses C1, C2, and D1 overlap and are slightly discordant (0.6-0.4%). A Corrected for blank Pb and U and common Pb, errors quoted are 1σ absolute; procedural blank values for this study ranged from 0.1 to 0.3 pg for U, 2 to 3 pg for Pb for zircon analyses, and 1 to 2 pg U, 8 pg Pb for titanite analyses; Pb blank isotopic composition is based on the analysis of procedural blanks; corrections for common Pb were made using Cumming-Richards compositions (Cumming and Richards, 1975) Pb/ 206 Pb ages of the three fractions is 2702 ± 1 Ma (MSWD = 0.88, POF = 0.42), which is interpreted to be the crystallization age of the dike.
TIMING OF GOLD MINERALIZATION, RED LAKE GOLD CAMP, ONTARIO
Sample , steeply dipping mesocratic lamprophyre dike: Sample KG-03-32A is a 50-cm-wide, eaststriking nonfoliated mesocratic lamprophyre dike. It contains up to 50 percent hornblende and tschermakitic amphibole with plagioclase, biotite, and traces of carbonate. The abundance of amphibole accounts for the lower silica content, whereas the Zr, Y, and TiO 2 concentrations indicate that the sampled dike is similar to the other mesocratic dikes (Table  1) . The dike and host basalt contain fractures with spectacular coatings and fillings of visible gold without any silicification or arsenopyrite in the dike (Fig. 8A-C) . Geochemical analysis of the dated dike (KG-03-32B) demonstrates that, despite the spectacular visible gold filling the late brittle fractures, the dike is otherwise barren ( Table 1 ). The high CO 2 content of the dike is interpreted as due to autometasomatism or deuteric carbonate alteration both known to be common features of lamprophyres (Rock, 1991) , contamination of the magma during its intrusion through mineralized structures, or late carbonate veinlets. The sample was collected in the Red Lake mine on level 32, in the 32-806-3, cut 5 (mine grid: 5900E, 200N, elevation: 5,400 ft; Fig. 9D) .
The sample contains a moderate amount of fair-to goodquality zircon; five zircon fractions were analyzed by TIMS (Fig.  12C, Table 3 ). Fractions H1 and A2 are comprised of two prismatic zircon crystals and three fragments of larger crystals, respectively. Figure 14F shows BSE and CL images of a prismatic zircon from this sample with a possible inherited core, the boundary of which is marked by inclusions and at least one phase of overgrowth. Fractions H1 and A2 have 207 Pb/ 206 Pb ages of 2792 to 2793 Ma and are interpreted to be inherited. This inheritance age is the same as that obtained for KGOLD-2000-86 (z6886) , the other sample of a steeply dipping lamprophyre dike described above. Fractions E1 and E2 are comprised of single stubby prismatic grains. SEM images of a grain of this morphology with oscillatory zoning are presented in Figure 14G . Fraction C1 is a single tip of a zircon crystal. A linear regression (MSWD = 1.02, POF = 0.30) including fractions C1, E1, and E2 that is anchored at the origin has an upper intercept age of 2702 ± 1 Ma, which is interpreted to be the crystallization age of the dike. This age is in agreement with the age of the lamprophyre dike (sample KG-2000-86) described above. Sample KG-2000-47 (z6885) , shallowly dipping melanocratic lamprophyre dike: Sample KG-2000-47 is a dark graycolored, massive, homogeneous lamprophyre dike that is representative of a set of shallowly dipping lamprophyre dikes that cut across all units and mineralized zones. The lamprophyre is nonfoliated, composed of abundant feldspar and biotite, and contains a small amount (less than 1%) of disseminated, very fine grained sulfides with a few thin carbonate veinlets cutting through the rock. Geochemical analysis of the dated dike (KG-2000-48B) demonstrates that it is barren and unaltered (Table 1) . The sample was collected on level 30 of the Red Lake mine, at the intersection between the 30-844-1 SCX and 30-S959 WDR drifts (mine grid: 4212E, 2287N, elevation: 5603 ft; Figs. 7D, 9E ).
The sample contains a small number of euhedral zircon crystals of fair quality, ranging from equant to stubby prismatic in morphology. Figure 14H shows SEM images of representative zircon from this rock with fine-scale oscillatory zoning, interpreted to be magmatic in origin. TIMS analyses of four zircon fractions, ranging from one to eight grains, are 2.2 to 0.3 percent discordant (Fig. 12D, Table 3 ). A linear regression including all four analyses (MSWD = 0.25, POF = 0.78) has an upper intercept of 2699 +2 -1 Ma and a lower intercept near the origin (55 ± 170 Ma). The upper intercept age of 2699 +2 -1 Ma is interpreted to be the crystallization age of the lamprophyre dike.
Sample , "pinky" granodiorite dike: Sample KG-02-81 is a 1.5-m-wide weakly foliated pinky granodiorite KG-2000-39 (z6634) , showing magmatic oscillatory zoning. B. BSE and CL images of an elongated zircon, representative of fraction A1 from sample KG-2000-86 (z6886) , with a possible core and overgrowths. C. BSE and CL images of a prismatic zircon, representative of fraction A1 from sample KG-2000-86 (z6886) , with a possible core and overgrowths. D. BSE and CL images of an unzoned equant zircon, representative of fraction D, from sample KG-2000-86 (z6886) . E. BSE and CL images of a stubby prismatic zircon with fine-oscillatory zoning, representative of fraction C, from sample KGOLD-2000-86 (z6886) . F. BSE and CL images of a prismatic zircon, representative of fraction A from sample KG-03-32A (z7985), with a possible inherited core marked by a trail of inclusions at the boundary and at least one phase of overgrowth. G. BSE and CL images of a stubby prismatic zircon with oscillatory zoning, representative of fractions C and E, from sample KG-03-32A (z7985). H. BSE and CL images of a stubby prismatic zircon with fine oscillatory zoning, representative of the zircons analyzed from sample KG-2000-47 (z6885). dike. It contains abundant plagioclase, partially altered to sericite, 5 percent biotite, and traces of quartz. The dike cuts across komatiitic basalt and carbonate veins (Fig. 7E-F) . Geochemical analysis of the dated dike (KG-03-21B) demonstrates that it is barren and without any sulfide (<0.01 wt % S) or arsenic (Table 1) . The sample was collected on level 37 of the Red Lake mine in the 37-735-1SXC exploration drift (mine grid: 4625E, 204S, elevation: 4,580 ft; Fig. 9F ).
This sample contains abundant euhedral zircon ranging from stubby prismatic grains to elongated crystals. Seven fractions of single and multiple grains were analyzed by TIMS (Fig. 12E, Table 3) . A linear regression including all of the fractions except Z3 has an upper intercept age of 2701 +2 -1 Ma and a lower intercept near the origin (354 ± 127 Ma; MSWD = 1.12, POF = 0.34). The upper intercept age of 2701 +2 -1 Ma is interpreted to be the crystallization age of the feldspar porphyry dike and provides a minimum age for the carbonate veins. Fraction Z3, which comprises of a large number of grains (n = 11), is interpreted to contain an inherited component.
MD -39-99 (z7201) , postore granodiorite dike from the Madsen mine: Sample MD-39-99 is a postore, medium-to dark-gray, massive, fine-grained, 1-to 2-m-wide granodiorite dike collected underground at the Madsen mine (shaft 2, level 4; 8290N, 13980E; Fig. 8E ).
The granodiorite contains abundant zircon with a range of morphologies including stubby prismatic to elongated euhedral crystals, subrounded to rounded grains, and zircons with apparent inherited cores. Single and multigrain zircon fractions (fractions A1, B2, C1, D1, and E1) analyzed by TIMS range in age from about 2815 to 2752 Ma and are all interpreted to be inherited zircons (Fig. 12F , Table 3 Pb age of 2702 ± 4 Ma, which is within error of the age of the titanite analyses. The date of 2698 ± 1 Ma is interpreted to represent the minimum crystallization age for the granodiorite dike based on the ages of the titanite.
Sample SNB00-5130A (z6517), granodiorite dike from Creek zone near Starratt-Olsen: The granodiorite dike is 1.5 m wide and cuts quartz-sericite-pyrite schist hosting goldbearing quartz veins and foliation-parallel biotite-diopsideactinote-epidote metasomatic layering hosted by highly strained basalt and gabbro of the Balmer assemblage (Fig.  8F) . The latter alteration style is very similar to the proximal alteration at the Madsen mine . The dike is at a high angle to the main east-southeast-trending foliation and it is only slightly buckled. It contains a very weak S 3 foliation and postdates alteration.
Three fractions of light-brown to brown, anhedral fragments of titanite were analyzed from this dike. Data from all three analyses overlap and range between 0.5 to 0.7 percent discordant (Fig. 12G, Pb ages of all three fractions has an age of 2696 ± 2 Ma (MSWD = 0.08, POF = 0.92). This age is interpreted to represent a minimum age for the crystallization of the granodiorite dike.
Discussion and Implications
A minimum age for main-stage high-grade gold mineralization is established at 2712 ± 2 Ma, the age of the feldspar porphyry dike that cuts the Goldcorp High-Grade zone. This age is within error of a 2714 ± 4 Ma quartz-feldspar porphyry dike that cuts sulfide-rich and replacement-style mineralization (ESC-type mineralization; Corfu and Andrews, 1987) . The maximum age of the high-grade mineralization is unknown. Therefore, it is unclear whether these two styles of mineralization were contemporaneous and precipitated from the same large-scale hydrothermal system. However, taking into account their analogous geologic characteristics , these ages make it permissible that these two types of mineralization, although extremely diverse in terms of grade, were formed at the same time from a single large-scale hydrothermal system, locally focused in extremely rich ore zones such as the High-Grade zone. The main difference between the two styles of mineralization is their structural setting . Both types of gold mineralization were present in mafic-dominated rocks prior to 2712 Ma, significantly earlier than lode gold mineralization in other parts of the Superior province (cf. Kerrich and Cassidy, 1994) .
In the High-Grade zone, crosscutting relationships suggest that gold-rich silicification is contemporaneous with deformation of the iron-carbonate ± quartz veins, and this deformation is interpreted as the regional D 2 event (Dubé et al. 2001a Twomey and McGibbon, 2001) . Consequently, we propose that the high-grade mineralization probably formed between ca. 2723 and 2712 Ma, the interpreted age of D 2 deformation (Fig. 15 ). This age interval is similar to the intervals proposed by Corfu and Andrews (1987; 2720 -2714 and Penczak and Mason (1997; 2722 -2710 for the entire Campbell-Red Lake deposit. This was a time of extensive magmatic and tectonic activity in the Red Lake belt, during which the Dome, McKenzie, and Abino granodiorite stocks and the Hammell Lake pluton were emplaced and the belt was penetratively deformed and metamorphosed (D 2 ). The maximum age of 2747 Ma for polymictic conglomerate from the Red Lake mine confirms correlation with other conglomeratic rocks of the Huston assemblage. In the CampbellRed Lake deposit area, the conglomerate of the Huston assemblage coincides with the interface between the Balmer or Bruce Channel assemblages and the Confederation assemblage. The presence of the conglomerate implies that, at least locally, the upper portion of the Bruce Channel and locally Balmer assemblages were exposed at surface by 2747 Ma. Exhumation of these assemblages was caused by significant uplift and erosion, possibly in response to D 1 deformation, as proposed by Sanborn-Barrie et al. (2001) . Presence of local andalusite-rich clasts and clasts of carbonate vein material in an unaltered matrix demonstrates that there was at least some carbonate and aluminous alteration prior to deposition of the conglomerate. The position of a large amount of colloformcrustiform iron-carbonate ± quartz veins in the CampbellRed Lake deposit underneath the interpreted subaerial unconformity may partly explain their epithermal-epizonal (near-surface) character. The conglomerate is deformed by D 2 deformation, metamorphosed, and locally strongly altered (Dubé et al., 2003) . These relationships indicate protracted multistage iron-carbonate ± quartz and aluminous alteration and veining event(s) prior to and after deposition of the conglomerate, thus expanding the range of hydrothermal alteration to more than 35 m.y.
The minimum age of the colloform-crustiform, barren to low-grade carbonate ± quartz veins and cockade breccias is also constrained by the 2712 ± 2 Ma feldspar porphyry granodiorite dike cutting the high-grade silicified and arsenopyrite-rich carbonate ± quartz veins. Their minimum age might even be ca. <2732 Ma, the age of a quartz-feldspar porphyry dike at the Campbell mine (Sanborn-Barrie et al., 2004) , which is late-to postiron carbonate veining. The maximum age of these veins and breccias remains unknown. Dubé et al. (2002 Dubé et al. ( , 2003 have presented evidence that iron-carbonate ± quartz veins and/or breccias have accommodated a significant part of the D 2 strain and are either early-or pre-D 2 . Their geometry and cavity-filling textures are, at least in part, compatible with the east-west-directed D 1 shortening. There is also evidence of carbonate alteration and/or veining before and after deposition of the conglomerate of the Huston assemblage at 2747 Ma. It remains possible that at least some of the carbonate ± quartz veins were emplaced at ca. 2732 Ma, coincident with the volcanic rocks of the Graves assemblage. The geologic setting associated with these calc-alkaline subaerial volcanic rocks would be compatible with the lowsulfidation epithermal style (e.g. Cooke and Simmons, 2000) of the carbonate ± quartz veins and breccias. However, the isochores of carbonic fluid inclusions combined with the homogenization temperatures of limited aqueous inclusions suggest depths >5 km (Chi et al., 2003) , an environment atypical for an epithermal setting, although these authors mentioned that a more accurate estimation of the depth is precluded by the uncertainty in the fluid temperature. Based on their cavity-filling textures and geologic setting, the veins have probably formed between 2 to 5 km below surface under conditions of high fluid pressure in an epizonal crustal setting Corfu and Andrews, 1987) ; FPG* = 2712 ± 2 Ma Ma feldspar porphyry granodiorite dikes (two zircon ages, this paper) and 2714 ± 4 Ma quartz-feldspar porphyry (zircon age, Corfu and Andrews, 1987) ; GDMD** = 2698 ± 2 Ma granodiorite dike from Madsen (titanite and zircon ages, this paper), and 2696 ± 1 Ma granodiorite dike from Creek zone (titanite age, this paper), GR = 2732.8 (e.g., Groves et al., 2003) . They have many features in common with the ankerite veins at the Dome mine in Timmins (Dubé et al., 2003) .
The local presence of a significant amount of visible gold in steep-and shallowly dipping mesocratic lamprophyre dikes (Fig. 8A-D) indicates that late-stage gold mineralization (or remobilization) occurred after 2702 ± 1 Ma. The timing of this late-stage gold mineralization relative to the emplacement of the melanocratic lamprophyre dikes (2699 +2 -1 Ma) is unknown, because these dikes are not present in the area of the High-Grade zone. The local presence of visible gold in the mesocratic lamprophyre dikes could suggest that there is only one stage of gold mineralization and that it postdates these 2702 Ma dikes. However, in a scenario involving post-2702 Ma main-stage gold mineralization, it would be impossible to explain how a barren 2712 Ma feldspar porphyry dike could cut across siliceous arsenopyrite-rich high-grade ore (Fig. 6C) . Such a scenario would also imply that despite all the paragenetic and chronologic relationships documented, the main stage of mineralization is not related to the arsenopyrite-rich silicic silicification of the carbonate ± quartz veins and selvages ( Fig. 4C-D) as there is no such alteration in the lamprophyre dike. Furthermore, it would also imply that the mineralization has no relationship to F 2 folding, the main foliation or the faults within the Red Lake mine trend, as the feldspar porphyry dikes cut across the fold limbs and the structural corridor (Figs. 2-3A ). More importantly, it would be impossible to explain how lamprophyre dikes could be barren, chilled against, and cut across the high-grade ore but still be premineralization (Figs. 6F, 7A -B, Table 1 ). The collective arguments presented here indicate that there are two stages of gold mineralization: a pre-2712 Ma main stage related to silicification of iron-carbonate ± quartz veins with associated arsenopyrite and a second stage that is post-2702 Ma and is associated with filling of late brittle fractures, to form a smaller amount of very high grade gold mineralization.
The minimum gap of 10 m.y. between the main stage of gold mineralization (pre-2712 Ma) and emplacement of the mesocratic lamprophyre dikes is significantly larger than the observed space-time relationships between late-kinematic lamprophyric magmatism and gold mineralization elsewhere in the Superior province and worldwide (e.g., Wyman and Kerrich, 1988, 1989; Rock et al., 1989; Kerrich and Cassidy, 1994) . Despite the fact that both the gold mineralization and the lamprophyre dikes are late in the geologic evolution of the district, crosscutting relationships and high-precision U-Pb dating argue against a direct genetic and temporal relationship between the main stage of gold mineralization and the lamprophyre dikes at the Campbell-Red Lake deposit. The maximum age of the local late-stage gold mineralization (2702 ± 1 Ma) is coincident with significant magmatic activity in the southern and eastern parts of the district (Figs. 1, 15) . However, the minimum age of this second-stage gold mineralization is unknown. It could be related to either the thermal gradient and deformation associated with the emplacement of the Cat Island pluton (Walsh Lake), approximately 7 km east of the deposit, or the ca. 2.63 to 2.66 Ga postorogenic regional thermal event indicated by the hornblende, muscovite, and biotite Ar-Ar cooling ages from the Uchi subprovince (York et al., 1991; Hanes and Archibald, 1998) .
The 2712 ± 2 Ma feldspar porphyry dikes cut the Red Lake mine trend at a high angle and are significantly less deformed than the supracrustal packages (Fig. 2) , suggesting that the main D 2 deformation responsible for the mine trend was pre-2712 Ma. The 2699 +2 -1 Ma age of the unstrained shallowly to moderately dipping, melanocratic lamprophyre dike defines the minimum age of the brittle-ductile deformation (D 2 -D 3 ), at least in the Campbell-Red Lake deposit area.
A post-2702 ± 1 Ma age for the second-stage gold mineralization is consistent with the maximum age of gold-bearing quartz-tourmaline veins that cut the 2701 ± 1.5 Ma Wilmar granodiorite dated by Corfu and Andrews (1987) . Although these are two totally different styles of gold mineralization, the possibility that some gold within the Campbell-Red Lake deposit was added, and not just remobilized, around 2700 Ma cannot be ruled out because there are postlamprophyre quartz-tourmaline veins in the deposit as well. However, the quartz-tourmaline veins are barren and the lamprophyre dikes are known to contain significant gold mineralization only where they cut high-grade ore, so remobilization of gold from sites of the main-stage gold mineralization appears to be the most reasonable late-mineralizing process at the Campbell-Red Lake deposit.
The age of the flat-lying melanocratic lamprophyre dike is identical to the age of a steep granodiorite dike at the Madsen mine, dated at 2698 ± 1 Ma (MD-39-99), and similar to the diorite dike that cuts the alteration and deformed rocks at the Creek zone near the former Starratt-Olsen mine (2696 ± 2 Ma; SNB00-5130A; Fig. 15 ). The dated granodiorite dike at Madsen cuts the mineralization and is weakly deformed compared to the ore zone. The minimum age of this dike is similar to the 2699 ± 4 Ma titanite age from a granodiorite dike collected at surface by Corfu and Andrews (1987) . The crosscutting relationships between the dated dike and the ore demonstrate that the main-stage gold mineralization at Madsen predates 2698 Ma and corresponds to the main stage of gold mineralization in the district (Andrews et al., 1986; Corfu and Andrews., 1987) . The age of the dike also indicates that the deformed and metamorphosed conglomerate of the English River assemblage from the Madsen mine, dated at <2700 ± 6 Ma by Sanborn-Barrie et al. (2002 , 2004 , is not part of the same Austin tuff horizon that hosts the bulk of the Madsen deposit, which is older than 2698 Ma, and must be part of a younger sedimentary sequence.
Conclusions
Main-stage high-grade mineralization in the High-Grade zone of the Red Lake mine formed before 2712 Ma, whereas the less abundant but spectacular second-stage gold mineralization likely formed by remobilization after 2702 Ma. The extremely high gold grades of the Goldcorp High-Grade zone are the result of a combination of factors . One of these factors is the local late-stage mineralization and remobilization of highly concentrated gold in fractures at least 10 m.y. after the main stage of mineralization. The minimum age of the brittle-ductile regional deformation in the deposit area is 2699 +2 -1 Ma, the age of unfoliated shallowly dipping lamprophyre dikes. This date, combined with the 2698 ± 1 Ma age of the late-deformation granodiorite dike at Madsen and the 2696 ± 2 Ma age of the diorite dike from the Starratt-Olsen mine area, indicate that the bulk of the ductile strain in the Red Lake district predates ca. 2698 Ma.
The minimum age of gold mineralization at Madsen, the second largest deposit in the district, is 2698 Ma and the maximum age is 2744 ± 1 Ma, the age of an altered and deformed quartz porphyritic unit, interpreted to be a lapilli-crystal tuff in the immediate hanging wall of the main orebody (e.g., Corfu and Andrews, 1987; Dubé et al., 2000) . It is possible that the Madsen mineralization formed between 2700 and 2698 Ma, based on the ages of the deformed and metamorphosed Austin tuff conglomerate and the postore dike. However, as the Madsen deposit has been interpreted as early-or pre-D 2 deformation , it is probable that the mineralization at Madsen was formed between ca. 2723 and 2712 Ma, the interpreted age of D 2 in the district, and is similar in age to the mineralization in the Campbell-Red Lake deposit. This would explain the similarities in terms of geologic setting, style of alteration, and mineralization between the Madsen and Campbell-Red Lake deposits (cf. Andrews et al., 1986; Dubé et al., 2000) .
According to Sanborn-Barrie et al. (2004) , the collisional stage of the Uchian phase of the Kenoran orogeny occurred in the Red Lake belt between ca. 2720 to 2715 Ma. Therefore, the main stage of gold mineralization at the CampbellRed Lake deposit was likely contemporaneous with and related to large-scale tectonometamorphic event(s) during the collision between the North Caribou and Winnipeg River terranes. Furthermore, the main-stage gold mineralization at Red Lake is older than the main gold event in the Abitibi subprovince (ca. 2680-2670 Ma; Kerrich and Cassidy, 1994) . The different ages of penetrative tectonometamorphism across the Superior province are attributed to successive collisional events from north (e.g., Uchian phase of the Kenoran orogeny between 2720-2704 Ma; Stott, 1997) to south (e.g., Abitibi at ca. 2690 Ma; Percival et al., 2003) . The main stage of gold mineralization at Red Lake, between ca. 2723 and 2712 Ma, clearly demonstrates that major gold deposits in the Superior province are not restricted to the waning stage of the Archean era. It also illustrates the potential for large gold deposits in Archean greenstone belts in the central and northern portions of this geologic province.
Crosscutting relationships and high-precision U-Pb zircon dating indicate that the formation of the High-Grade zone resulted from protracted multistage hydrothermal event(s) including mainly pre-to early main-stage deformation and iron carbonate ± quartz veining, syndeformation high-grade arsenopyrite-rich silicification, and some late carbonatization and late-stage gold mineralization, all focused in a single hydrothermal and/or structural corridor (Red Lake mine trend). The Red Lake mine trend also was the focus of numerous granodiorite and lamprophyre dikes. Several of these factors have been identified by Groves et al. (2003) as key to the formation of world-class orogenic gold deposits.
Lamprophyre dikes commonly show a spatial relationship with large orogenic gold deposits (Wyman and Kerrich, 1988, 1989; Rock et al., 1989; Kerrich and Cassidy, 1994; Groves et al., 2003) . However, this study illustrates that such dikes postdate main-stage gold mineralization at Red Lake by at least 10 m.y. Despite their spatial relationship, a genetic link between the main-stage gold mineralization and the lamprophyre dikes is not supported, although the mineralizing and magmatic systems may have used the same pathways to higher crustal levels, as proposed by Wyman and Kerrich (1988, 1989) . The presence of these lamprophyre dikes indicates that the structural corridor (Red Lake mine trend) hosting the Campbell-Red Lake deposit has deep roots that facilitated the emplacement of lamprophyric magmas to higher crustal levels.
In terms of exploration, the main stage of gold mineralization clearly postdates volcanism of the Balmer assemblage at 2990 to 2960 Ma and is contemporaneous with emplacement of the ca. 2718 Ma Dome and McKenzie stocks as well as the Hammell Lake pluton. The <2747 Ma conglomerate from the Huston assemblage in the Red Lake mine occurs at an important interface between Mesoarchean and Neoarchean strata and highlights the proximity of the Campbell-Red Lake deposit to a folded regional unconformity, supporting the empirical spatial and genetic (?) relationship between large gold deposits and regional unconformities in the district (Dubé et al., , 2003 Percival et al., 2000; Sanborn-Barrie et al., 2000; D. Adamson, Rubicon, pers. commun., 2000) and in greenstone belts elsewhere (Hodgson, 1993 , Robert, 2000 , 2001 Dubé et al., 2003) . These regional unconformities result from, or are associated with, large-scale protracted tectonic (faulting and uplift), magmatic, and hydrothermal event(s) to which large gold deposits are empirically related. The unconformities may also provide a first-order guide to the favorable erosion levels for mineralization (Robert., 2001) . In Red Lake, this paleosurface represents a key firstorder exploration target, as 25.9 Moz (94%) of the 27.6 Moz Au found so far in the district (production, reserves, and resources) is contained in three deposits adjacent to the unconformity (Dubé et al., 2003) . It is proposed that areas of high potential for gold exploration in Red Lake occur in the rocks of the Balmer assemblage within 500 m to 1 km of the unconformity.
